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In some groups of animals, body size and other morphological characteristics have been considered to be important in mediating resource partitioning (Brown et al. 1979 The competitive interactions between ant species are considered to take place either indirectly through exploitative competition or directly through interference competition (Fellers 1987 , Keddy 1989 (Holldobler 1986 ), is probably a common phenomenon (H6lldobler 1987). Oster and Wilson (1978) inferred from elementary mathematical models that the relationship between prey size and the probability of interference is somewhat sigmoidal: as prey size increases, so does the probability of interference competition. This prediction has been confirmed in field studies with insect prey and baits: ant species that utilize large prey are subject to higher levels of interference during foraging than species that utilize small prey (Traniello 1983 , Carroll 1988 , Savolainen 1991 . Nevertheless, other factors may also affect the outcome of competitive interactions. Ant species often exhibit competitive dominance hierarchies ), where dominant species (i.e. species which are at the top of the dominance/aggressiveness hierarchy) outcompete subordinates (i.e. species which are at the bottom of the dominance/aggressiveness hierarchy). In this competitive scenario, dominants and subordinates, which differ in their individual and social strategies in prey exploitation (Fellers 1987 , are also expected to differ in their probabilities of prey loss in interspecific encounters.
The main aim of this study is to test whether or not prey size has an effect on species interactions in a guild (or assemblage of species, Jaksic 1981) of scavenger ants. We shall investigate whether prey size affects differently the probabilities of interference and prey loss according to the foraging strategy and competitive status of the species. We also explore how the different activity periods of the different species facilitate the resource partitioning. In the open Mediterranean habitats where this study was carried out, Cerda et al. (1997 Cerda et al. ( , 1998 ) document that subordinate species are active in the severe day-time conditions, avoiding competition from dominants. The dominants are active in less severe conditions in the afternoon and the night ). Such interspecific differences in foraging activity rhythms could be favourable to both subordinate and dominant species if each of them reduced the loss of prey by competitive causes in a determined (and different) part of the range of prey sizes. Specific objectives of this study are: 1) to compare the size range of prey collected by individual workers of these scavenger ant species; 2) to look whether and how the size range of prey is enlarged by social mechanisms; 3) to analyse the effectiveness of prey retrieval and its dependence upon prey size; 4) to evaluate the effect of temporal partitioning on the probability of interference and prey loss.
Material and methods
This study was carried out in Canet de Mar (Barcelona, NE Spain) (41 3' N, 2?7' E) at 50 m above sea level, 750 m away from the coastline. The climate is of a Mediterranean type. Three different habitats were utilized: 1) grassland: a savannah-like grassland, with Hyparrhenia hirta as the main plant species, and very scattered pines (Pinus pinea) in the overstorey stratum (tree canopy cover: 3%); 2) holm oak forest: an open forest with a mixed overstorey of holm oaks (Quercus ilex), pines (P. pinea) and carobs (Ceratonia siliqua), tree canopy cover: 39%; 3) pine forest: a pine forest mainly composed of P. pinea (tree canopy cover: 62%). A more detailed description of these sites is given in Cerda et al. (1997) . The ant fauna of these sites was composed of 13, 15 and 15 species, respectively. From those, only the guild of five species that significantly scavenged for dead or dying animal prey was considered in this study: Cataglyphis cursor (worker length range: 4.3-7.2 mm), Aphaenogaster senilis (6.4-7.7 mm), Tapinoma nigerrimum (2.8-5.1 mm), Pheidole pallidula (soldiers: 3.3-4.9 mm; minor workers: 1.2-2.6 mm) and Tetramorium semilaeve (2.0-3.2 mm). A. senilis, T. nigerrimum and P. pallidula were present in all three habitats, but C. cursor and T. semilaeve were rare or absent in the pine forest and the holm oak forest. Concerning the competitive status of these species, Cerda et al. (1997) have described that they were arranged in a transitive hierarchy: C. cursor and A. senilis were subordinate species that were usually forced to abandon the baits by other ant species, while the three small species, T. nigerrimum, P. pallidula and T. semilaeve, were dominant ants at food resources and almost always succeeded in displacing large species because of the greater number of workers they recruited and their higher aggressiveness.
To analyse the prey-size distribution of each species, items brought to the nest by solitary and cooperative foragers were taken for later measurement in the laboratory. Length and weight of each item were recorded using, respectively, a stereomicroscope fitted with an OIKOS 82:1 (1998) ocular micrometer, and a measuring scale of 0.01 mg accuracy. At least 100 prey were collected from each species. Differences among the species were analysed using a x2 test. Maximum weight of prey transported by individual workers of each species was obtained by offering items of different weights to foragers and determining whether they were able to carry them without any help from nestmates. We considered that a species was able to transport an item when there were three successful individual attempts to move it at least 5 cm. In a similar way, maximum cooperative prey weight was established by offering larger items to foragers and determining whether or not they were able to carry them cooperatively to the nest. To evaluate the number of workers conducted to food resources by each species, five series of six plastic discs with different food resources (cheese, ham, bacon, sausage, biscuit and honey) were laid randomly over the entire study area. All five species were omnivorous, and these different bait types were of similar interest to all species. These baits could not be transported to the nest either individually or cooperatively. They were laid for nine sampling days of 14 h each (from 0800 to 2200) from April to November in the three study areas. For each bait, the number of workers of each species feeding at it every hour, and the percentages of expulsion and escape of each species in all its interspecific encounters at baits were noted. To study cooperative prey transport and recruitment, crickets (Gryllus bimaculatus, mean weight + SD: 770 + 274 mg) were offered to the different species. Ten tests were performed for each species. Non-linear regressions were fitted to analyse interspecific differences in recruitment. The differences among the species in the time until five recruited workers arrived at the prey, and the time until the species dominated the bait (more than 30 workers in contact with the prey or more than 5 cm retrieved from the starting point) were tested by analysis of variance (ANOVA). Where the overall difference was significant, Fisher PLSD was used for the pairwise a posteriori comparisons. Inspection of residuals was carried out to check for normality and homoscedasticity. No transformations of the data were needed.
Foraging success and prey robbing were estimated by offering different-sized items to foragers of the five species (whenever they were present) in the three habitats: Drosophila flies (mean weight + SD: 1.0 + 0.2 mg, "small prey"), cockroaches (Blatella germanica, mean weight + SD: 78.1 + 12.1 mg, "medium-sized prey"), and crickets (G. bimaculatus, mean weight + SD: 770 + 274 mg, "large prey"). In each case, a prey was directly given to a forager, which almost always tried to carry the prey to the nest. All interactions among different species during the prey retrieval were recorded. Twenty-five items of each size were offered per species and habitat, except during the morning period in the grassland, when 50 medium-sized prey were offered to each species. Exploitation of very large food resources was analysed by offering the ants large baits (mean weight over 1000 mg, "very large prey"), already described in the former paragraph. Since none of the species was able to transport these very large prey, successful prey retrieval for very large prey was defined as the exploitation of the bait by the species for at least one hour.
Since there were great within-day differences in foraging activity among the species ( A. senilis was the only species that usually transported large prey, up to 1000 mg, cooperatively to the nest. These prey represented only 12% of the total number of prey carried back to the A. senilis nests, but 71.5% of total biomass transported. Cooperative transport of prey was also observed, although less frequently (0.5-1% of prey), in the three smaller species, which were also able to increase considerably their prey range (up to 130 mg in T. nigerrimum and P. pallidula, and up to 90 mg in T. semilaeve). Nevertheless, this cooperative transport was not as usual for these species as for A. senilis. They preferred to tear the prey into pieces and carry them individually to the nest. C. cursor was the only species that did not cooperatively transport prey to the nest. From these data, a classification of prey into four categories according to their size/weight may be carried out (Table 1) .
Recruitment to large food resources
The distributions of baits occupied by a certain number of workers of each of the five species, for all hours and days sampled, are shown in Fig. 2 . These distributions were significantly different among the species (2 = 2519.1, df= 28, p < 0.0001). C. cursor had the smallest number of workers per bait (mean + SD: 2.9 + 2.3 workers per bait). A. senilis also had a limited number of workers at baits (11.0 + 13.1 workers per bait). The other three species concentrated large numbers of workers at baits (the mode for all three species was the class of more than 50 workers per bait, Fig. 2 ).
The recruitment curves of the four recruiting species to a large prey (a cricket) are shown in Fig. 3 (-? 3x) Foraging interference and prey loss Table 2 summarizes the percentages of interference and loss of the four different-sized prey distinguished in Table 1 during different periods of the day in the three habitats. For a more detailed description of the interactions among species in one of the three habitats, prey robbing relationships in the grassland are shown in Fig.  4 . For each species, the most parsimonious acceptable models for both interference and prey loss are shown in Table 3 . The simplest model that fitted the data of interference (I) and prey loss (L) of all species (excepting the model of interference for C. cursor and the model for prey loss of T. semilaeve) included the higher-order interaction ISP (or LSP), i.e., foraging interference (or prey loss) varied according to prey size (S), but dissimilarly so in the different periods of the day (P). An interaction with habitat (H) was found in two species out of three examined, i.e. A. senilis and P. pallidula, but not for T. nigerrimum. The interaction SH found in the models of A. senilis, T. nigerrimum and P. pallidula only indicated that different numbers of very large prey were surveyed in the three habitats.
The most parsimonious acceptable model for the interference data in C. cursor (IS, P; Table 3) indicated that the workers with medium-sized and large prey suffered more interference than those with small or very large prey, and that this pattern was not affected by the time of the day. Small prey were thus transported to the nest without strong aggressive interactions with other species, and C. cursor and A. senilis foragers coexisted at baits without strong aggressiveness. The model for prey loss was saturated in C. cursor (LSP; Table 3 ), indicating that also prey loss was dependent on prey size but differently so in the different periods of the day (morning and midday). For all but large prey the losses to inter-and intraspecific competitors were of similar magnitude in the two periods of the day. For large prey, however, a high percentage was lost in the morning whereas there were no losses at midday. This difference was attributable to differences in the activity of A. senilis, which was active only in the morning period, when they robbed many large prey to C. cursor, but not at midday. The incapability of C. cursor workers to transport these large prey objects into their nests prevented prey retrieval, but their low aggressiveness avoided expulsion from food resources and allowed coexistence of workers from different C. cursor colonies.
The models for both interference and prey loss in A. senilis included the higher-order term involving prey size and period of the day (ISP and LSP, respectively; Table 3 ), indicating that interference and prey loss were affected by prey size, but differently so in different periods of the day. For small prey, no interference or prey losses were observed in any habitat or any period of the day, whereas somewhat higher percentages of interference and prey loss were observed with mediumsized prey, especially in the grassland habitat. A. senilis was able to retain most of the large prey in the three habitats despite the interference by the smaller species in the afternoon, and by C. cursor in the grassland in the morning period (where A. senilis actually took 56% of prey from C. cursor). This pattern changed, however, with very large prey: A. senilis was not able to transport these items cooperatively, or to defend them against the more aggressive and abundant workers of the three small species. This led to similarly high percentages of interference (59-68%) and prey loss (43-460%)) for A. senilis in the afternoon in the three habitats, whereas there were practically no interference or prey losses in the morning period. T. nigerrimum and P. pallidula were the species that most frequently dominated the baits lost by A. senilis (Fig. 4) . The interference model for A. senilis also included the higher-order interaction term IPH (Table 3 ), indicating that the dependence of interference on period of the day was different among the habitats. In the forested habitats, interference was higher in the afternoon than in the morning, whereas the opposite was true in the grassland in the case of medium-sized and large prey. This difference in interference was attributable to C. cursor, which was present in the grassland but almost absent from the forested habitats. The models obtained for the three small species were quite similar to each other. For all three species, there was an interaction between interference, prey size and period of the day (ISP; Table 3 ), indicating that interference was affected by the prey size, but differently so in different periods of the day. Although generally the interference was higher in the afternoon than in the night for all the three species, the magnitude of this difference was dependent on the prey-size class. The difference in interference between the two periods of the day was much more pronounced in medium-sized and large prey than in the other size classes. The interference model for P. pallidula also included the interaction term IH (Table 3) , which was attributable to the higher interference in the grassland habitat than in the forested ones. A similar higher-order interaction was found between prey loss, prey size and period of the day (LSP) for T. nigerrimum and P. pallidula, but not for T. semilaeve (LS, LP) (Table 3) . For the first two species, the interpretation of the models was essentially the same as in the models for interference. In T. semilaeve, the prey loss depended both on prey size and period of the day: prey losses were higher in the afternoon than in the night, and higher for workers with medium-sized and large prey than for those with small or very large prey. A. senilis was the species that most frequently picked up prey and carried them away in the afternoon period, while theft of prey among the three small of interference and loss of different-sized prey for each species found during the different periods of the day  in the three habitats. Both intra-and interspecific interactions and losses have been included. N= 25 for small, medium-sized and  large prey (excepting N= 50 during the morning period in the grassland) and N= 15-193 for very large prey, depending species was less usual both in the afternoon and in the night periods. There were also differences of prey interference and prey loss according to prey size. Only P. pallidula suffered relatively high percentages of interference and loss of small prey, but interactions among species were much more evident when medium-sized prey were offered: most cockroaches offered to T. nigerrimum, P. pallidula and T. semilaeve in the afternoon hours were picked up by A. senilis foragers (Fig. 4) , although interspecific losses during the night hours were smaller. Theft of large prey from small species by A. senilis decreased as compared with the theft of medium-sized prey: the percentages of interference were still high (60-72% of cases in the three habitats), but the percentages of loss were significantly reduced (24-48% for large prey versus 60-100% for medium-sized prey). This pattern was even more evident with very large prey: theft of very large prey from the three small species was unusual both in the afternoon (3-17%) and in the night periods (4-13%).
Discussion
In the guild of scavenger ants studied here, there appears to be a separation of food items on the basis of size: individual workers of the small ants (T. nigerrimum, T. semilaeve and P. pallidula) were restricted to taking small food items, while the large ants (C. cursor and A. senilis) collected the largest ones. Nevertheless, social mechanisms altered the pattern derived from individual abilities, enlarging the range of prey sizes collected by the species capable of recruitment. C. cursor was the only species in the assemblage that transported prey exclusively by individual transport. This inability to transport large prey put it at a disadvantage as compared with the other species that were able to recruit nestmates and to transport large prey to the nest cooperatively: C. cursor and A. senilis foragers were able to transport similar weights by Table 3 . Models of interference (I) and prey loss (L) derived from multidimensional contingency tables. The variables considered are: period of the day (P), prey size (S) and habitat (H). H has not been tested for C. cursor and T. semilaeve, because both species were only found in the grassland. All models are significant (goodness-of-fit, p > 0.05). senilis, food-resource losses to interspecific competitors were reduced by very quick recruitment of nestmates and cooperative retrieval of large prey to the nest, before the other slower, but more aggressive species found them. This proved to be a very good strategy for small, medium-sized and large prey, because A. senilis lost very few prey to competitors and was able to take many prey of these sizes from other species. Nevertheless, it was less efficient for very large prey, since it took a long time for A. senilis to carry them to the nest, and mass-recruiting species were more likely to find and to take over them. The smallest-bodied species in the guild successfully utilized resources that were either very small or very large. For small prey, there was little likelihood of interference and loss, and the ant that initially discovered a small prey usually carried it successfully to its nest. When prey were of medium size, this pattern changed, and small species lost the majority of prey during the periods of the day at which they coexisted with A. senilis. These high percentages of prey theft by individuals of large ant species from individuals or groups of several workers of small species are common in the literature (H6lldobler et al. 1978, H6lldobler 1986, Carroll 1988) . The high probability of loss in competition with A. senilis decreased for large prey: the three small-bodied species had more limited group prey-carrying ability, but they chemically defended and dissected prey and retrieved individually small food particles to the nest. This was even more evident for very large, immovable prey. Mass-recruiting species recruited large numbers of workers to these food resources and defended them aggressively and efficiently against competitors. In fact, baits initially occupied by mass-recruiting species were rarely lost to A. senilis. Moreover, nearly half of baits initially dominated by A. senilis were lost to its small competitors.
Species
The resulting contrast in resource-utilization mechanisms is striking: individual foraging and thermophilic activity in C. cursor, recruitment of relatively small retrieval groups and cooperative carrying in A. senilis, and mass recruitment and prey dissection in the three small species. These ideas lead us to discuss the role of prey size in the outcome of competitive interactions among ant species. The sigmoidal relationship between prey size and the probability of interference inferred by Oster and Wilson (1978) is probably true for: 1) C. cursor and other individual foraging species, which lose large prey to competitors because they do not cooperate in prey transport to the nest, or 2) A. senilis and other group-recruiting species (e.g. Traniello 1983), which are more likely to suffer prey interference and loss to dominant species when prey are larger and, consequently, are transported more slowly to the nest. Nevertheless, as shown in Fig. 5 , this assumption is not valid for the three dominant, mass-recruiting species which, excepting for very small prey, lose less prey to opportunistic species as prey size increases. They are better able to defend larger prey by recruiting large numbers of workers before their competitors are able to intercept and OIKOS 82:1 (1998) carry them to the nest. If there is a trade-off between dominance at food resources and speed of food location and transport (Fellers 1987) , and, if each species display one of these strategies but not both, prey size determines the success of each strategy: large, subordinate species exploit medium-sized prey more successfully, and small, dominant species do it with large prey. Although interference by the dominant species has been documented as harassment of the foraging of the subordinate species in various ways (Carothers and Jaksic 1984, Savolainen 1991), it is not so evident, from the results obtained in this study, which species are benefited by temporal differentiation of activity. In fact, differences in activity rhythms were profitable for both subordinates and dominants. Large subordinate species, such as A. senilis, increase the exploitation of very large prey by foraging when the three mass-recruiting species were not active: they reduced the percentage of prey loss from nearly half of the prey in the afternoon period, to almost none in the morning period. Nevertheless, the three dominant small species also increased the exploitation of several sizes of prey by foraging at night, when A. senilis was not interfering as it did in the afternoon. Thus, prey size, together with the interspecific differences in tolerance to environmental factors characteristic of the Mediterranean region (which reduce the temporal overlap on a daily scale and thus, the competition among species, Cros et al. 1997), favours the coexistence of these ant species in the same community by allowing efficient resource use for species exhibiting different foraging strategies, each strategy being efficient in some periods of the day and with some prey sizes.
